Objective: Blood-brain barrier (BBB) impairment, redistribution of pericytes, and disturbances in cerebral blood flow may contribute to the increased seizure propensity and neurological comorbidities associated with epilepsy. However, despite the growing evidence of postictal disturbances in microcirculation, it is not known how recurrent seizures influence pericytic membrane currents and subsequent vasodilation. Methods: Here, we investigated successive changes in capillary neurovascular coupling and BBB integrity during recurrent seizures induced by 4-aminopyridine or low-Mg 2+ conditions. To avoid the influence of arteriolar dilation and cerebral blood flow changes on the capillary response, we measured seizureassociated pericytic membrane currents, capillary motility, and permeability changes in a brain slice preparation. Arteriolar responses to 4-aminopyridine-induced seizures were further studied in anesthetized Sprague Dawley rats by using electrocorticography and tissue oxygen recordings simultaneously with intravital imaging of arteriolar diameter, BBB permeability, and cellular damage. 
| INTRODUCTION
Brain disorders such as depression, anxiety, and dementia are eight times more common in epilepsy patients than in the general population. 1 With growing evidence of microvascular dysfunction in epileptic tissue, the role of blood-brain barrier (BBB) injury in seizure disorders is gaining particular interest. [2] [3] [4] BBB dysfunction and subsequent infiltration of serum albumin into the brain were shown to initiate epileptogenic alterations such as astrocytic transformation, neuroinflammation, excitatory synaptogenesis, and pathological plasticity. 5, 6 As prolonged BBB opening is associated with delayed structural and functional disturbances of neuronal networks, 7 it is tempting to speculate that BBB injury in the epileptic brain contributes to epilepsy comorbidities. However, the mechanisms underlying seizure-related BBB dysfunction remain poorly understood. Among the components of the BBB neurovascular unit, pericytes may be of particular relevance, as they play a crucial role in BBB integrity 8 and contribute to microcirculatory dysfunction. [9] [10] [11] Moreover, pericytes were shown to redistribute following kainic acid-induced status epilepticus as well as in chronic epileptic tissue. [12] [13] [14] Despite some debate regarding the exact nomenclature of contractile cells along the microvascular axis, [15] [16] [17] morphologically defined pericytes (spindle-shaped cells engulfing microvessels measuring 4-10 μm in diameter) were shown to regulate local blood supply in response to neuronal metabolic demands, a phenomenon termed neurovascular coupling (NVC). Deficiencies in NVC were previously reported in neurological disorders associated with BBB injury, including Alzheimer's disease, 18 stroke, 9 and subarachnoid hemorrhage. 19 Seizures were reported to compromise stimulusinduced vascular reactivity, 20, 21 and tissue oxygenation around the epileptic focus 22 and in deep cortical layers. 23 Moreover, several studies implicate postseizure hypoxia and vasoconstriction in seizure-related memory and behavioral deficits 24, 25 and point to pericytelike mural cells as the mediators of capillary constriction. 26 This is in line with a recent study showing a correlation between mural cell remodeling, vascular pathology, and seizure severity by monitoring pericytic coverage in vivo over the course of several days after status epilepticus. 27 Together, these studies highlight the importance of an in-depth understanding of the development of metabolic and NVC abnormalities associated with recurrent seizures.
To allow a detailed investigation of capillary responses and BBB function in a controlled microenvironment, we established a slice culture model of organotypic microvasculature that allows the recording of seizure-associated membrane currents in pericytes along with the measurement of vasomotility, BBB permeability, and mitochondrial respiration. 28 We present the first characterization of distinct pericytic current patterns associated with seizureinduced vasomotility and demonstrate successively developing dysfunction of pericytes. We further show in vitro at the capillary level and in vivo at the arteriolar level that recurrent seizures trigger enhanced microvascular permeability and a gradual loss of NVC.
| MATERIALS AND METHODS
All experimental procedures were approved by the animal ethics committee of the respective universities, and
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| In vitro experiments
Slice cultures were prepared and maintained as described earlier. 28 Wistar rats and heterozygous transgenic mice expressing green fluorescent protein (GFP) at the plateletderived growth factor receptor β (PDGFRβ) promoter 29 were sacrificed at postnatal day 6-8 or 2-3, respectively. Entorhinal cortex-hippocampus slices (400 μm) were maintained under interface conditions (medium containing 50% minimal essential medium, 25% Hank balanced salt solution, 25% horse serum, pH 7.4; all from Gibco). Immunofluorescent reconstruction of the vascular unit was obtained with a Nikon (Tokyo, Japan) A1r multiphoton microscope (AMBIO Imaging Core Facility, Charité-Medical University Berlin) by using antibodies for laminin (Thermo Scientific), neuronal/glial antigen 2 proteoglycan (NG2), or PDGFRβ (Santa Cruz Biotechnology).
Electrophysiological recordings were performed in area CA3 of the slice cultures in artificial cerebrospinal fluid (aCSF) containing (in mmol/L) 129 NaCl, 26 NaHCO 3 , 10 glucose, 3 KCl, 1.25 NaH 2 PO 4 , 1.6 CaCl 2 , and 1.8 MgCl 2 (perfusion = 5 mL/min, 32°C, pH = 7.4). Epileptiform activity was induced via perfusion with a zero magnesium (Mg 2+ )-containing aCSF or by the voltage-gated potassium channel inhibitor 4-aminopyridine (4AP; 100 μmol/L). Both methods induce stereotypic ictal discharges resembling seizure activity. 30, 31 Local field potential (LFP) recordings of seizurelike events are referred to as "seizures" throughout the text. LFP and whole cell patch clamp recordings on visually identified pericytes (Video S1) were obtained by using a MultiClamp 700B amplifier and pClamp10 software (Axon CNS; Molecular Devices). Recording electrodes were filled with aCSF (for LFP) or with a solution containing (in mmol/L) KCH 3 SO 4 130, KCl 20, HEPES 10, MgCl 2 2, EGTA 0.2, Na 2 ATP 2, Na 2 GTP 0.5, Na 2 Phosphocreatine 5, and in some cases Alexa Fluor 488 0.1. Changes in tissue partial oxygen pressure (pO 2 ) were recorded by using Clark-style oxygen microelectrodes (Unisense) polarized and calibrated as described previously. 32 Fluorescent monitoring of vascular responsiveness was performed in slice cultures stained with the mitochondrially targeted ethidium derivative MitoSox and calcein-AM (5 and 4 μmol/L, respectively). 28 Labeling of astrocytic endfeet by calcein-AM allowed for reconstruction of the vessels, whereas pericytes were visualized by the accumulation of MitoSox or by GFP fluorescence in slice cultures obtained from PDGFRβ-bac-GFP mice ( Figures 1DE  and 2BD ). Changes in the permeability of the BBB were measured in slice cultures preincubated with 2′,7′-dichlorohydrofluorescein diacetate (20 μmol/L, 30 minutes), resulting in accumulation of the oxidation end-product dichlorofluorescein (DCF) in the vascular lumen. A spinning-disk confocal microscope system (Andor iXon EM+, Andor Revolution; Acal BFi) was used for imaging in parallel with the LFP recordings. Z scans containing the entire vessel were obtained at each time point, and changes in MitoSox/DCF fluorescence, pericyte length, and capillary diameter were evaluated offline and presented here as percentage of pretreatment values in response to sequential seizures. For a detailed description of the image analysis, please refer to Methods S1.
| In vivo experiments
Animal preparations were performed as previously described. 33, 34 A craniotomy window was drilled over the motor-somatosensory cortex of deeply anesthetized (ketamine/xylazine) male rats, and the dura was carefully removed. The exposed cortex was continuously perfused with aCSF containing (in mmol/L) 129 NaCl, 21 35 Changes in arteriolar diameter relative to pre-4AP values were measured as previously described. 36 To assess the neuronal activity, we calculated the normalized power of the ECoG signal for each seizure (Methods S1). Arteriolar responses were calculated as the averaged diameter during each seizure, divided by the average preseizure diameter. For continuous monitoring of pO 2 , a miniaturized Clark-type electrode was positioned near an arteriole of interest, and the duration and magnitude of the seizure-associated initial dip, the peak magnitude, and the duration of dip-to-peak recovery were quantified. Fluorescent imaging of BBB permeability was obtained by using the BBB-impermeable dye sodium fluorescein (NaFlu molecular weight = 376 Da, 1 mg/mL in saline; Novartis). To further confirm changes in BBB permeability, in a subset of experiments the fluorescent dye Evans blue albumin complex (molecular weight = 66 kDa) was injected intravenously. Assessment of cellular damage was performed through intravenous injection of propidium iodide (0.5 mg/kg body weight, 0.5 mg/mL in saline 33 ). For further details on quantification of BBB leakage and cell injury, please refer to Methods S1. | 325
| Statistical reporting
All results are presented as mean ± SEM. Statistics were performed using the SPSS 24 software packet (IBM). P < 0.05 was considered significant.
| NVC evaluation
Paired Wilcoxon analysis was used to compare parameters (vasodilation, seizure power, seizure duration, vasodilation/ power, n = 9, P = 0.05, 0.02, 0.11, 0.04, respectively) of early versus late seizures.
| Cell damage, BBB permeability, oxygen measurements
Paired Wilcoxon analysis was used to compare perivascular cell damage, microvascular permeability, and pO 2 before and following seizures (n = 7, 10, 4, P = 0.043, 0.0049, 0.273, respectively).
| Characterization of the vasodilatory response upon seizure activity
Correlation between pericytic length and vascular diameter was described by Pearson coefficient (n = 20, 0.711, P = 0.005). Mann-Whitney test was used to compare the first seizure-induced changes in pericytic length/vascular diameter between low-Mg 2+ and 4AP (n = 20 vs 10, P = 0.042, 0.055, for length and diameter, respectively). Paired Wilcoxon analysis was used to compare vasodilation or the pO 2 changes associated with first versus fourth seizure (n = 9 and 10 cultures presenting with at least four seizures, P = 0.028, 0.05 for low-Mg 2+ and 4AP, respectively and n = 6 P = 0.833 for pO 2 changes under low-Mg 2+ conditions). For details on experimental implementation and inclusion criteria, please refer to Methods S1.
| RESULTS

| Pericytes retain contractility in slice cultures
Immunofluorescent laminin labeling revealed an extensive network of vessels and organotypic arborization throughout the slices, with the exception of an atypical dense meshwork of vessels at the bottom of the culture ( Figure 1A ). Notably, whereas the slicing procedure did result in the collapse of large arterioles and venules (diameters > 20 μm), microvessels (4-10 μm in diameter, from here on referred to as "capillaries") retained their lumen and became sealed at the cut surface.
Putative pericapillary pericytes in slice cultures were visualized using NG2 or PDGFRβ labeling, and were found at the abluminal side of the vascular wall, surrounded by small pockets of laminin ( Figure 1B ). However, NG2 labeling was also observed in the parenchyma, likely representing oligodendrocyte precursor cells. To achieve long-term visualization of capillaries and pericytes in the living slice culture, we used a combination of calcein-AM and the mitochondrial superoxide indicator MitoSox. 28 In addition to parenchymal/neuronal staining, bulk application of MitoSox also penetrated capillaries and underwent oxidation in the mitochondria of pericytes but not in endothelial cells. The accumulation of the oxidized dye within mitochondria (and to a lesser extent in the nucleus) revealed the typical "bump on a log" structure of pericytes, with lengthy arms extending to a distance of up to~50 μm, often embracing a blood vessel ( Figures 1C and 2A ). Upon release of oxidized mitochondrial MitoSox into the cytosol (see below), the entire structure of individual pericytes became visible ( Figure 1DE ), allowing reconstruction of the morphology and clear distinction of these cells from endothelial cells or perivascular glia. Simultaneous calcein-AM application labeled glial cells without crossing vascular walls, indicating the presence of a diffusion barrier. 28 The outer vascular diameter was delineated as the distance between astrocytic endfeet ( Figures 1C and 2A) . The observed accumulation of MitoSox in pericytes (yet not endothelial cells) was confirmed in a transgenic mouse expressing GFP on the PDGFRβ promoter that allows pericytic visualization. 29 Although the size of the pericytes was slightly smaller compared to slice cultures from rats, MitoSox labeling in the transgenic model was colocalized with GFP in cells of the typical "bump on a log" morphology ( Figure 1F and 1G, Video S3). While some GFP fluorescence was also observed in nonmural cells throughout the parenchyma, both MitoSox accumulation and GFP expression were significantly lower in such cells compared to pericytes (normalized MitoSox 3.9 ± 0.3 vs 2.0 ± 0.2 and GFP fluorescence 16.7 ± 1.4 vs 8.9 ± 0.8 in pericytes and nonmural cells, respectively; n = 26). We thus conclude that pericytic accumulation of oxidized MitoSox is not exclusive to rats, and may be a general property of pericytes across different species. The contractility of pericytes in slice cultures was previously demonstrated in response to direct mechanical stimulation or increasing intraluminal pressure. 28 Here we investigated pericytic motility in response to vasoactive substances and seizures (Figure 2A-D) . Bath application of the thromboxane analogue U46619 induced dose-dependent pericytic shortening, which was reversible upon washout or by application of the nitrogen monoxide donor S-nitroso-N-acetylpenicillamine (200 μmol/L; Figure 2C ).
To examine whether vasoconstriction and dilation are associated with specific pericytic membrane currents, we employed whole cell patch clamp recordings in visually identified pericytes (n = 23; Figure 2Da and 2Db, Video S1). In a subset of recordings, Alexa Fluor 488 was included in the pipette solution and the dye-filled cells were transferred to the confocal microscope for subsequent morphological analysis. Patch clamped cells showed the typical "bump on a log" structure, with arms embracing the vessel, resembling the morphology of the PDGFRβ-GFP-positive cells. Pericytes had a resting membrane potential of −77.8 ± 1.4 mV (−85.8 ± 1.4 mV following correction for the junction potential), and either high (87.7 ± 12.1 MΩ, n = 7) or low (37.8 ± 2.9 MΩ, n = 16) input resistance, likely corresponding to individual or GAP junction coupled cells, respectively. 37 Interestingly, whereas mechanical stimulation occurring during seal-formation constricted pericytes and capillaries, clamping the cells to a membrane potential with zero net-current reversed this vasoconstriction (Video S1). U46619 (100 nmol/L) induced a tonic low-amplitude inward current across the pericytic membrane (79 ± 11.8 pA), superimposed with spontaneous epochs of inward currents (81.6 ± 27 pA, lasting a few hundred milliseconds) in nine of 15 pericytes (Figure 2Dc ). Whereas the application of the voltage-dependent potassium channel blocker 4AP had no overt effect on membrane currents in cells clamped to −80 mV, subsequent induction of seizures triggered high-amplitude phasic inward currents (up to 1 nA). The amplitude of these phasic inward currents decreased toward the end of seizures, occasionally turning into an outward current that reaches or exceeds the baseline recorded prior to U46619 application ( Figure 2Dd ). Together, these findings support the notion that the MitoSox-labeled spindle-shaped cells are pericytes that not only retain their motility in culture but also exhibit specific membrane currents in response to neuronal activity.
| Seizures are associated with loss of NVC
To investigate whether seizure-associated pericytic membrane currents result in an adequate vascular response, we next measured changes in pericytic length and capillary diameter in response to seizures as induced by two different proconvulsive treatments: 4AP and low-Mg
2+
. The vascular tone of the cultured capillaries was maintained by U46619 to compensate for the absence of blood flow and adrenergic input. 29 The first low-Mg
-induced seizure was characterized by pericytic relaxation (7.2 ± 1.1% elongation compared to the length before seizure onset, n = 20) and capillary vasodilation (12.5 ± 2.1%, reaching maximal values at seizure cessation, n = 20), followed by constriction to preseizure values ( Figure 3A, Video S2) . The changes in pericytic length correlated with the changes in capillary diameter (Pearson coefficient = 0.711, P < 0.005), highlighting the vasoregulatory role of pericytes in vitro. Importantly, the vasodilatory responses decreased significantly with subsequent seizures (dilating 9.6 ± 2.2% in response to the first seizures vs 0.4 ± 2.6% in response to the fourth, P = 0.028; Figure 3A) . Upon the fourth seizure, changes in diameter were not different from zero (P = 0.889, n = 9). Notably, despite the reversible nature of U46619-induced vasoconstriction (see above), recurrent seizures resulted in constriction that could not be reversed even upon U46619 washout (capillary diameter decreased to 85 ± 3.2% of the initial diameter following U46619 application and to 77 ± 4% after recurrent seizures, n = 9). Such irreversible vasoconstriction was previously termed "terminal rigor."
11 Following exposure to 4AP, the first seizure was also associated with pericytic relaxation (13.3 ± 2.8%) and capillary dilation (22.7 ± 7.4%), values slightly greater than those measured for the first seizure in the low-Mg 2+ model (P = 0.042 and 0.055
for pericyte length and capillary diameter, respectively; n = 10). Similar to the low-Mg 2+ findings, we observed a decrease in vasodilatory responses (with a 22.7 ± 7.5% vs 6.4 ± 7% increase in diameter, associated with the first and the fourth seizure, respectively, P = 0.05) and occasionally complete vascular unresponsiveness after ≥5 4AP-induced seizures. These results show that neuronal activity in organotypic slice cultures induces capillary dilation, and that these responses diminish over the course of recurrent seizures, irrespective of the type of proconvulsive treatment.
| Seizures do not induce disturbances in neurometabolic coupling
We next set out to explore whether the observed loss of vascular responsiveness could be attributed to a gradually developing disturbance in neurometabolic coupling and consequent failure of energy metabolism, as described for low-Mg 2+ conditions. 30 As slice preparations are continuously perfused with oxygen, decreases in pO 2 represent increased mitochondrial respiration and allow the monitoring of neurometabolic coupling. 32 In the submerged slice (at a depth of 80-120 μm from slice surface, 95% O 2 , perfusion > 6 mL/min), baseline pO 2 levels were measured at 313.3 ± 13 mm Hg ( Figure 3B ). Seizures were accompanied by a characteristic pO 2 response, with the initial tonic phase resulting in a decrease of 124 ± 9 mm Hg (reaching minimal values 58 ± 2 seconds after seizure onset, n = 66 seizures in 17 slice cultures). pO 2 levels remained lower throughout the duration of the seizures (188 ± 17 mm Hg), yet completely recovered to baseline values within~5 minutes of seizure cessation (232.4 ± 10 seconds). Remarkably, even during pO 2 minima, the tissue remained hyperoxic in all cultures. No significant differences in pO 2 responses were found between the first and fourth seizure in a sequence (P = 0.833; Figure 3C ), pointing to stable oxygen consumption and intact neurometabolic coupling. Together, these findings suggest that neither hypoxia nor Whereas early seizures were accompanied by adequate vascular responses, later seizures failed to induce vasodilatation (9.6 ± 2.2% in response to the first seizure vs 0.4 ± 2.6% to the fourth, *P = 0.028, Wilcoxon test, n = 9 capillaries, right panel). B, Seizures were accompanied by a decrease in tissue pO 2 , reaching complete recovery several minutes postseizure. Notably, seizure-related pO 2 decreases never reached hypoxic levels (188 ± 17 mm Hg, n = 66 seizures) starting from a baseline pO 2 of~313 mm Hg. C, Early vs late pO 2 responses to seizures remained unaltered (P = 0.953, Wilcoxon test, n = 6), pointing to stable oxygen consumption and unaltered neurometabolic coupling. fp, field potential; n.s., not significant
F I G U R E 2 Pericytes retain motility and respond to seizures in vitro. A, Colabeling of the slices with calcein-AM and MitoSox allowed
for measurement of vascular diameter. The diameter of the capillary was calculated by positioning a line that crosses both the pericytic body and its processes at the maximal intensity projection of the Z planes containing the vessel. The inflection points in the MitoSox intensity profile along that line correspond to the diameter of the vessel (neglecting the thickness of the endothelial layer). B, Representative image sequence showing pericyte shortening upon treatment with the vasoconstricting U46619 and elongation in response to seizure activity. Pericytic length was measured using distinguishable MitoSox-labeled mitochondria at distal locations (see also Video S2). The mitochondrial landmarks were connected with a freehand-line (at a maximum intensity projection containing the entire pericyte), and the length at maximal constriction/elongation was divided by the initial length of the pericyte to represent percent change. C, Shortening of the pericytes in response to U46619 was found to be dose dependent (right panel) and reversible upon application of the nitric oxide donor S-nitroso-N-acetylpenicillamine (SNAP; left panel, at 100 nmol/L U46619). D, Whole cell patch clamp recordings on visually identified pericytes. Da, Sequence of differential interference contrast (DIC) images focusing through a vessel. Asterisks mark the vessel lumen. A spindle-shaped pericyte (arrows) was adjacent to the bifurcation of the vessel. The black frames mark the position of the pericyte, which is shown magnified in the last frame. Db, Image sequence from a pericyte filled with Alexa Fluor 488 via the patch pipette. From the left: DIC image, epifluorescent image during the whole cell recording, and maximum intensity projection of a Z stack obtained in the confocal microscope. Dc, Application of the vasoconstricting U46619 induces tonic and phasic inward currents across the pericytic membrane (traces on the right and excerpt show the phasic inward currents on [excerpt with a shorter time scale]). In contrast, the onset of 4-aminopyridineinduced seizures was accompanied by large inward currents (arrow). Dd, The large inward current persisted throughout seizure duration, occasionally reversing polarity and turning into an outward current prior to seizure cessation (lower trace; red dotted line represents the zero current level before application of U46619). Im, membrane current PRAGER ET AL.
| 329 disturbances of neuronal energy metabolism are responsible for neurovascular decoupling.
| Seizures induce pericytic constriction and mitochondrial depolarization
As seizures are known to enhance oxidative metabolism and superoxide formation, 31 which may in turn lead to MitoSox oxidation, we next examined whether seizures enhance MitoSox fluorescence in pericytes. These experiments were carried out without preconstriction of the capillaries, because U46619-induced changes in pericyte length alter mitochondrial distribution and fluorescence intensity irrespective of MitoSox oxidation (with a~10% increase in fluorescence upon constriction and a~−5% decrease upon relaxation). In the absence of the vasoconstricting U46619, individual seizures no longer induced vasodilatation or the corresponding length-dependent changes in MitoSox fluorescence, indicating the complete absence of vasotonus in culture. However, periods of >40 minutes of recurrent seizures were associated with a gradual decrease in capillary diameter (−8.1 ± 2.1%) and pericytic length (−8.9 ± 1.7%, n = 22), despite the absence of U46619 ( Figure 4B ). This constriction was irreversible and persisted even when seizures terminated following perfusion with normal aCSF. Irreversible constriction was preceded by a slow and cumulative enhancement in fluorescence outside the mitochondria, all throughout the pericytic cytosol (29.3 ± 9.0%, n = 22; Figure 4BC ). As mitochondrial retention of MitoSox depends on the presence of a negative mitochondrial membrane potential, 38 this cytosolic enhancement is likely to reflect dye leakage from depolarized mitochondria (Video S4). To examine the potential contribution of superoxide-dependent oxidation of MitoSox to the observed enhancement in cytosolic fluorescence, slices were treated with the free radical scavenger tetramethylpiperidine-N--oxyl (TEMPOL; 500 μmol/L, coapplied with 4AP). Interestingly, despite the general suppression of MitoSox fluorescence, TEMPOL did not prevent the translocation of MitoSox into the cytosol (47.15 ± 10.7% increase in the cytosol at the end of the recording, compared to the fluorescence following U46619 application, n = 9). Together, these results associate vasoconstriction and pericytic rigor with depolarization of pericytic mitochondria, independent of free radical formation.
| Seizures induce changes in capillary permeability in vitro
Although slice preparations are generally devoid of a BBB, in slice cultures we observed clear evidence of a diffusion barrier, with calcein failing to penetrate the capillary lumen nor entering pericytes or endothelial cells.
Having also found that DCF (a substrate of the multidrug resistance-associated protein 2) does accumulate in the lumen, we were granted a unique opportunity to explore seizure-induced changes in BBB permeability in vitro ( Figure 4D ). In normal aCSF, DCF fluorescence increased continuously within the lumen, reaching 203 ± 43.5% of the initial value during the first 10-minute recording period and a further 139 ± 30.7% between 10 and 20 minutes (n = 11 slice cultures). While the largest increase in fluoresence (9.91 ± 1.01%) was observed between the first and second scans and likely reflects laser-induced auto-oxidation of the reduced dye (H 2 DCF) in the lumen, the gradual and continuous increase throughout the rest of the recording (by about 4%) most likely represents ongoing DCF uptake. Upon seizure induction, DCF fluorescence within individual microvessels underwent a biphasic change; the continuous slow increase was followed by a rapid fluorescence decrease within the lumen in six of 14 cultures ( Figure 4E and 4F, Video S4). Remarkably, this rapid decrease coincided with terminal constriction and continuous fluorescence enhancement in the surrounding neuropil, indicating cross-BBB leakage and not photobleaching. Occasionally, dye extravasation appeared as small protrusions at capillary borders, further indicative of increased permeability ( Figure 4F , arrowhead; Video S4).
| Seizures induce NVC alterations in vivo
The resolution of the slice culture model allowed us to characterize the functionality of microcirculation and individual pericytes; we next sought to validate the presence of a neurovascular decoupling of larger vessels in vivo. Using intravital microscopy and the open-window technique, we imaged pial arterioles (defined here as vessels measuring 30-60 μm in diameter) while monitoring ECoG activity during 4AP-induced seizures (n = 9; Figure 5 ). Local perfusion of the exposed neocortex with 4AP induced recurrent seizures with an onset latency of 24.43 ± 5.14 minutes. Individual seizures lasted 3.09 ± 0.47 minutes, with 4.77 ± 1.15-minute interseizure intervals (18.22 ± 2 seizures per animal, n = 9 rats), and were accompanied by reversible vasodilation (of up to 60%). Importantly, seizure-associated changes in arteriole diameter gradually decreased in 7 of 9 animals (Figure 5C ). Specifically, whereas early seizures (0-30 minutes of 4AP) induced vasodilation of 59.33 ± 8.46% (n = 9), late seizures (2-4 hours of 4AP) were associated with dilations of only 35.11 ± 4.55% (n = 9, P = 0.05; Figure 5B ). The reduction in vascular responses could not be attributed to a decline in seizure severity, as seizure power invariably increased over time (P = 0.02, early vs late seizures; Figure 5D ) with no changes in seizure duration (P = 0.11; Figure 5D ). Consequently, the ratio between the vasodilatory response and the power of late versus early seizures was found to be significantly smaller (P = 0.04; Figure 5D ), further confirming arteriolar neurovascular decoupling. As pericytes and capillaries are not visible in this preparation, the finding of neurovascular decoupling at the arteriolar level suggests that smooth muscle cells are also prone to loss of responsiveness.
| Seizure-induced cellular injury and microvascular permeability in vivo
Having found pericytic injury and neurovascular decoupling, we proceeded to test whether these were accompanied by cellular damage in vivo. Visualization of cellular injury (using the intravenously injected membrane integrity marker propidium iodide) 33 pointed to cumulative perivascular enhancement after 2-4 hours of ongoing recurrent seizures ( Figure 6B ), reflective of cellular injury (P = 0.06, n = 7 animals, compared to preseizure values; Figure 6 ). Our finding of pericytic injury and increased microvascular permeability in slice cultures prompted us to examine BBB permeability changes during recurrent seizures in vivo. In line with the literature 3, 39 and our in vitro findings, we observed seizure-related vascular leakage, with increased fluorescence of the intravenously injected BBBimpermeable dye (NaFlu) around and along arterioles and venules ( Figure 6B ). Quantitative assessment of parenchymal tracer accumulation confirmed a significant increase in endothelial permeability (compared to preseizure conditions, n = 10, P = 0.0049; Figure 6B ). Notably, parenchymal increase in NaFlu fluorescence is likely to involve dye release from capillary BBB, as it appeared throughout the tissue and not only in the proximity of penetrating arteries and arterioles. Moreover, the leakage was not restricted to the pial surface but was present in deeper cortical layers, as evidenced by the presence of the albumin-binding dye Evans blue in the parenchyma (Figure 6A , yellow arrows).
| Seizure-associated NVC impairment occurs under normoxic conditions in vivo
The balance between metabolic demands and perfusion during seizures remains a matter of debate, with some studies showing that blood supply meets metabolic demands, 40, 41 whereas others suggesting the contrary. 42 More recently, postictal hypoperfusion was highlighted as the potential link between seizures and neurological comorbidities in epilepsy. 24, 25 We thus examined the potential effects of neurovascular decoupling on tissue oxygenation, using Clark-style pO 2 microelectrodes 43 located adjacent to the responding arterioles ( Figure 6C , n = 4). Consistent with previous reports, 44 individual seizures induced a characteristic biphasic pO 2 response: a rapid decrease at seizure onset (the "initial dip") followed by a gradual increase that far exceeded the preseizure pO 2 levels (the "overshoot"). 
| DISCUSSION
We report that recurrent seizures induce pericytic injury in vitro and are associated with neurovascular decoupling and BBB dysfunction at arteriolar and capillary levels. Seizure-induced capillary constriction was accompanied by loss of mitochondrial integrity in pericytes, highlighting the role of energy metabolism in microvascular injury. Our findings may help understand the mechanisms behind the postictal microcirculatory hypoperfusion underlying behavioral and cognitive symptoms associated with seizure disorders. 25 The viability of endothelial cells and pericytes, and the resealing of small vessels in the slice culture preparation, 28, 45, 46 granted us the opportunity to study capillary neurovascular responses, without potential contribution of precapillary dilation and changes in blood flow. In light of the controversy surrounding the nomenclature of mural cells along the vascular axis, 17 for simplicity we relied on morphological criteria referring to vessels of the smallest diameter (4-10 μm) as "capillaries" and to NG2-or PDGFRβ-positive spindle-shaped cells that engulf them as "pericytes." Nevertheless, the collapse of large blood vessels due to the slicing procedure hindered the unequivocal determination of the vascular branching order, leading to the potential inclusion of arterioles and smooth muscle cells in our samples. Although the used fluorescence marker MitoSox is oxidized in different cell types throughout the parenchyma, its colocalization with GFP-positive cells in PDGFRβ transgenic mice suggests that MitoSox-accumulating contractile mural cells are actually pericytes, which retain motility and structural requirements to control vascular diameter. It is of note that other cell types, such as oligodendrocyte precursors or fibroblastlike stromal cells, may also express PDGFRβ in juvenile tissue or after | 333 slicing procedures, 14 which would explain the faint GFP fluorescence in nonmural cells we observed in culture (Figure 1) . These cells resembled the fluorescence pattern of NG2, which is in line with the finding that parenchymal PDGFRβ immunoreactivity colocalizes with NG2 but is distinct from IBA1 + microglia in epileptic specimens. 14 The resting membrane potential of pericytes in culture was close to the reversal potential of potassium, suggesting that potassium conductance dominates in pericytes at rest, in the absence of adrenergic tonus and blood flow. Pericytes were maximally elongated, which necessitated the application of vasoconstricting thromboxane analogue to restore the vasotonus. 29 Moreover, the vascular responses may be underestimated in our preparation, as the high oxygen tension, necessary for maintaining recurrent seizure activity in submerged conditions, does not favor dilation. 47 The observed resting membrane potential was lower than that reported in freshly isolated retinal capillaries or in acute brain slices, 11, 37 potentially due to the more destructive nature of those preparations or due to alterations in channel expression in culture following the exposure to serum. The effect of U46619 was mediated by a tonic inward current, as clamping the cells to their resting membrane potential prevented vasoconstriction. In line with the known role of moderate rises in extracellular potassium as one of the key mechanisms of vascular responsiveness, 48, 49 seizures led to apparent phasic inward currents associated with each individual clonic discharge. The subsequent reversal of the inward to an outward current, which corresponded to the time of maximal vasodilation of preconstricted capillaries, may be explained by potassium-dependent activation of inward-rectifying potassium channels, as described for endothelial 50 and smooth muscle 48 cells. Unfortunately, pericytic constriction/dilation hindered stable current clamp recordings during recurrent seizures. Future studies are awaited to determine the relationship between recurrent seizures, pericytic membrane potentials, and contractility. Although depletion of high-energy phosphates and increased lactate levels are frequently observed during status epilepticus, 51 whether this solely points to increased neuronal energy demand or restricted oxidative metabolism remained unclear. Our in vitro findings demonstrate that the gradual decrease in capillary responsiveness occurs in the presence of ample oxygen and constant seizure-associated respiration enhancement. Thus, disturbances in neurometabolic coupling and subsequent shifts in pH or tissue redox potential are unlikely to underlie neurovascular decoupling. 30, 31 Conversely, despite the seizure-induced neurovascular decoupling, we never observed tissue oxygenation below the normoxic range (>20 mm Hg) during recurrent seizures in vivo. These results are in apparent contradiction to previous studies reporting local postictal hypoxia and vasoconstriction 24, 25 with optical methods (for review, see Suh et al 52 ) . This discrepancy could be explained by the lower spatial resolution (~60 μm) of the Clark-style microelectrodes used in our study, by the different models of epileptogenesis, or by the use of the open window technique and perfusion with gassed aCSF. However, although reduced vascular responsiveness may yet prove to induce hypoxic neuronal damage, our results indicate that widespread hypoxia is not a necessary condition for the dysfunction of pericytes. Remarkably, the loss of vascular responsiveness was observed in capillaries in vitro and in arterioles in vivo. It remains to be clarified whether pericytes and smooth muscle cells undergo similar functional disturbances or whether pericytic injury has a causal connection to neurovascular uncoupling in arterioles. This latter option is supported by studies suggesting that pericytic dilation precedes arteriolar dilation, 11 and that gap junction-coupled pericytes contribute to the spread of vasodilatory signaling. 53 Free radicals are known to have vasoactive effects, 9 and an increase in their production has been linked to seizures and subsequent cell damage. 31 However, our experiments do not reflect a seizure-related increase in free radical production in pericytes. The failure of TEMPOL to prevent the cytosolic increase in MitoSox fluorescence suggests that it represents dye leakage from the mitochondria due to loss of mitochondrial integrity, rather than genuine cytosolic oxidation of the probe. Similar to vascular smooth muscle cells, pericyte contraction is controlled by changes in intracellular Ca 2+ concentration. 37 Thus mitochondrial dysfunction leading to cytosolic Ca 2+ dysregulation may explain the observed terminal rigor of injured pericytes, also described in hypoxia-reperfusion, 9 and oxygen glucose deprivation.
11
Importantly, the observed terminal vasoconstriction and pericytic rigor coincided with a rapid release of intraluminal DCF, pointing to the breakdown of the endothelial diffusion barrier. Although this could be purely coincidental, these results are in accord with recent studies linking pericyte detachment to BBB breakdown. 13 Mechanisms underlying pericyte-mediated BBB dysfunction may include glutamatedependent, 3 vascular endothelial growth factor-dependent, 54 and matrix metalloproteinase-dependent 55 pathways. The potential contribution of these mechanisms awaits further investigation. By studying the longitudinal changes in the hemodynamic responses to seizures, our study reveals a gradual neurovascular decoupling at both the capillary and the arteriolar level and excludes hypoxia as an immediate cause of microvascular dysfunction and cellular injury. Our findings may explain the reported disturbances in blood flow regulation and mural cell remodeling following recurrent seizures. 20, 24, 26, 27 Furthermore, our in vitro evidence of pericytic injury-associated loss of capillary response and increased microvascular permeability highlights pericyte functionality as a potential therapeutic target for seizure disorders. 27 
